Establishment of a lunar or Martian outpost necessitates the development of methods to utilize in situ mineral resources for various construction and resource extraction applications. Fabrication technologies are critical for habitat structure development, as well as repair and replacement of tools and parts at the outpost. Herein we report the direct fabrication of lunar regolith simulant parts, in freeform environment, using lasers. We show that raw lunar regolith can be processed at laser energy levels as a low as 2.12 J mm-2 resulting in nanocrystalline and/or amorphous microstructures. Potential applications of laser based fabrication technologies to make useful regolith parts for various applications including load bearing composite structures, radiation shielding, and solar cell substrates is described.
Introduction
Learning how to utilize in situ resources on the Moon is very critical to expanding human presence to Mars and across the solar system. Effective in situ lunar resource utilization for structures, materials, power generation, and other developments will reduce logistics and extend mission durations, and thus increase mission efficiencies as well as science return. Lunar regolith contains important materials that can be used for in situ resource utilization (ISRU) on the Moon, thereby providing for substantial economic savings for the development of a permanently staffed outpost. The Exploration Systems Architecture Study' (ESAS) identified processing of raw regolith on the Moon as a critical area of ISRU that would provide significant benefits to future robotic and human exploration to the Moon. Molten oxide electrolysis process has been proposed to process raw regolith to produce oxygen for life support, silicon for solar cells, reactive metals for advanced storage batteries, and steel and aluminum for construction 2'3 . Alternatively, some studies have been performed to develop methods to use lunar regolith as a construction4 "7, electronic substrate $, radiation shielding 9' 10 , refractory" and heat shield" material. In situ Fabrication and Repair (ISFR) using locally provisioned and/or locally refined materials on the Moon require state-of-the-art fabrication technologies to support habitat structure, mechanical parts fabrication, and repair and replacement of ground support and space mission hardware (such as life support items and launch vehicle components). The processing or fabrication 2 methods used so far in the development of useful products from lunar regolith require extensive tooling and the cost of transporting them from Earth to the Moon would be prohibitively expensive. Moreover, fabrication of construction elements 4-6,10, tools/parts and electronic substrates from lunar regolith via conventional processing such as melting/sintering would be highly energy intensive. Therefore, the fabrication hardware that does launch to the Moon must be mass and energy efficient.
Advanced manufacturing routes based on additive manufacturing (AM) technologies can be implemented to fabricate net shape parts, tools and other necessary items using in situ materials.
Fundamentally, AM technologies produce complex-shaped three-dimensional (3D) objects directly from computer-aided design (CAD) models by successive addition of material(s) in layer-by-layer fashion without the use of specialized tooling, molds, or dies. The result is a net shaped part ready for cleaning and minimal post-fabrication finishing. Therefore, the application of AM technologies can significantly benefit ISFR on the Moon. Some studies 12,13 evaluated the capabilities of AM technologies to produce metal based parts/components for ISFR. The metal feedstock such aluminum, iron, and titanium can be produced via Molten oxide electrolysis of lunar regolith2 . However using raw regolith without any beneficiation as fabrication feedstock could be more appropriate/economical. In addition, due to the absence of hydrolytic weakening processes on the moon and in the hard vacuum of free space, lunar materials and their derivatives such as lunar silicate materials may possess very high geomechanical strengths compared to equivalent materials on earth. Thus, possible substitution of lunar silicate materials for structural metals in a variety of space engineering applications enhances the economic utilization of the moon 14-11. Such substitution or direct use of raw regolith is not without its technological challenges. Herein we report successful fabrication of bulk, near net shape, lunar regolith simulant parts using a laser based additive manufacturing technology.
The intrinsic feature of laser processing of materials is that, at a certain time, only a small volume of the material is thermally treated, resulting in extremely high-temperature gradients within the sample. Unlike metals, direct laser fabrication of raw lunar regolith is difficult due to Olivine and pyroxene minerals are also present. The as-received JSC-lAC simulant with particle size 6 5 mm has been screened to a particle size in the range of 50 and 150 µm suitable for Laser Engineered Net Shaping (LENS TM) equipment.
Results and Discussion
Initially, a series of experiments were conducted using different laser powers (50 -200 W), scan speeds (10 -30 mm s "1 ), and powder feed rates (10 -20 g min -) to optimize process parameters.
Since the laser absorption of materials is directly proportional to their electrical resistivity, untreated regolith, an insulator, can absorb and retain a large amount of incident laser energy.
Therefore, complete melting of regolith powder was observed at a laser power as low as 50 W.
Further increase in the laser power beyond 50 W, resulted in severe spreading of liquid regolith during layer-wise deposition due to low melt viscosity. Similar observations were made with decreasing scan speeds and powder feed rates during deposition. The results of our initial rigorous experimentation indicated successful melting and deposition of raw lunar regolith is a function of incident laser energy, which depended on laser power, scan speed and powder feed rate. Dense parts without any macroscopic defects were produced at laser energy levels as a low as 2.12 J mm 2, corresponding to a laser power of 50 W, a scan speed of 20 mm s "1 , and a powder feed rate of 12.36 g min-'. XPS was performed on a Thermo Scientific K-Alpha X-ray spectrometer at a base pressure of 1
x 10 "9 mbar using an Alka source at an energy of 1486.6 eV. The analysis was performed on three specimens from the before and after processing sample sets. The mean relative atomic concentrations of the detected elements in each sample set was summarized in Table 1 . From this data, it was observed that the main difference between the before and after LENS prepared samples was an increase in the carbon, aluminum, sodium, and calcium concentrations after processing. Carbon is always present on the surface of any sample that has been exposed to atmosphere, whether due to handling contamination or chemi-or physiabsorbed CO and CO2, and has been detected in previous analyses of JSC-1A24. The values of the aluminum and sodium concentrations, however, were within the standard deviation of both sample sets. However increases in carbon and calcium concentrations were noticeably larger in the processed samples.
Higher resolution scans of the Cls and Ca2p peaks were performed on the before and after processed samples. The peak positions were referenced to the standard carbon Cls peak at 286.5 eV,25 and the overlay spectra are shown in Figures 4 and 5 . The data summary is shown in Table 2 . 
Conclusions and Future Work
Preliminary results described within this report demonstrated the feasibility of manufacturing ceramic parts from lunar simulant through LENS processing. More work will need to be performed to develop more complex articles, such as hinging joints that characterize the interconnected elements of a non-textile mat lo as shown in Figure 6 , that could be shaped from terrestrial and extraterrestrial mineral compositions. Martian soil simulants will be the focus of a future case study.
Methods
The lunar regolith simulant used in this study, Johnson Space Center-lAC (JSC-lAC) with particle size S 5 mm, was screened to a particle size in the range of 50 and 150 µm suitable for Laser Engineered Net Shaping (LENSTM) equipment. Bulk lunar regolith structures were fabricated using a LENSTM-750 (Optomec, Albuquerque, NM) unit with a 0.5kW continuous wave Nd-YAG laser on a 3-mm-thick aluminum alloy substrate. LENST" , processing was carried out in a glove box containing argon atmosphere with oxygen content less than 10 ppm. Initially, a series of experiments were conducted using a layer thickness of 254 µm at different laser powers, scan speeds, and powder feed rates to optimize the process parameters. Dense parts (8- 
